INTRODUCTION
============

The ticks are haematophagous ectoparasitic arthropods and have diverse hosts, including many species of mammals, birds, reptiles and amphibians. After being bitten by ticks, the host can develop erythema in part of the skin, oedema, and skin irritation. Tick bites can simultaneously transmit pathogens to the host, causing infection and directly affecting the health of livestock and humans \[[@b1-kjp-58-2-161]\]. Several tick-borne pathogens are zoonotic and cause tick-transmitted diseases such as Lyme disease \[[@b2-kjp-58-2-161]\], tick-borne encephalitis \[[@b3-kjp-58-2-161]\], haemorrhagic fever \[[@b4-kjp-58-2-161]\] and babesiosis \[[@b5-kjp-58-2-161]\].

The salivary gland plays a pivotal role in blood feeding of the ticks. These glands regulate the water balance within the tick's body and revert excess water from the host's blood back to the host's body \[[@b6-kjp-58-2-161]\]. In addition, the salivary gland can secrete anticoagulatory proteins \[[@b7-kjp-58-2-161]\], vasodilatory proteins \[[@b8-kjp-58-2-161]\], immunomodulatory proteins \[[@b9-kjp-58-2-161]\], and other substances that promote the rapid feeding of the host's blood by ticks. Salivary gland development directly influences the blood-sucking ability and survival of ticks. Therefore, research on salivary gland development has great significance for better controlling the blood-sucking capability of ticks and thus their reproduction. It takes 5--10 days of continuous feeding on the host's blood for female ticks to reach engorgement. During this period, the salivary gland continuously develops and improves in function \[[@b10-kjp-58-2-161]\]. After engorgement, female ticks detach from the host's body surface. The salivary gland begins to degenerate \[[@b11-kjp-58-2-161]\], which is accompanied by acinar autolysis and the appearance of a large number of phagocytic vacuoles \[[@b12-kjp-58-2-161]\]. Salivary gland degeneration proceeds under the regulation of hormones and multiple proteins, which constitutes a complex mechanism. One of the key factors in salivary gland degradation is the tick salivary gland degeneration factor (TSGDF). When female ticks reach engorgement, their abdominal skin stretches to release TSGDF for regulating salivary gland degeneration \[[@b13-kjp-58-2-161]\]. TSGDF has been confirmed to be an ecdysteroid \[[@b14-kjp-58-2-161]\]. In addition to hormones regulating salivary gland degeneration, some proteins also can promote degradation of salivary glands. For instance, the expression of caspase-1 rapidly increases during salivary gland degeneration, and the apoptosis of salivary gland cells is delayed after RNAi \[[@b15-kjp-58-2-161]\].

We previously applied quantitative proteomics based on isobaric tags for relative and absolute quantitation (iTRAQ) to comprehensively analyse the patterns in protein expression levels during salivary gland degeneration \[[@b16-kjp-58-2-161]\]. Changes in the expression levels of multiple proteins influenced salivary gland degeneration. Post-translational modifications of proteins can often determine protein function and regulate various life processes. Protein phosphorylation plays particularly an important regulatory role. To perform a more in-depth study of the molecular mechanisms of salivary gland degeneration, in this study, data-independent acquisition (DIA)-based quantitative proteomics was used to investigate the phosphorylation patterns of many proteins during salivary gland degeneration in *Haemaphysalis longicornis*. Key regulatory proteins involved in this physiological mechanism were identified to gain insight into the mechanism underlying salivary gland degeneration.

MATERIALS AND METHODS
=====================

Ethics statement
----------------

All experimental procedures were approved (Approval No. 165031) by the Animal Ethics Committee of Hebei Normal University.

Tick feeding
------------

*Haemaphysalis longicornis* nymphs were collected from Zhangjiakou Xiaowutai Mountain National Nature Reserve in Hebei Province, PR China. The ticks were allowed to feed on the ears of New Zealand white rabbits (Female, 1.5 kg, Animal Experiment Center, Hebei Medical University). When not feeding, the ticks were cultured at 25±1°C and 75% relative humidity in artificial climate incubators.

Protein extraction
------------------

The time of natural detachment of engorged females tick from the host was recorded as 0 hr. The salivary glands were pulled out from the female ticks at 0, 12, 24, 36, and 48 hr post-engorgement. The salivary glands were then immediately placed in sterile PBS (0.01 M) containing NaF (0.05 M), Na~3~VO~4~ (0.01 M), and protease inhibitor cocktail (0.01 M) (Sigma, Roche, Mannheim, Germany). The salivary glands were immediately ground using what device. The homogenate was transferred into a 50 ml centrifuge tube and spun for 15 min at 4°C, 12,000×g, and the supernatant was transferred to a new tube. An equal volume of Tris-saturated phenol (pH 7.8) was added to the mixture, and vortexed for 5 min, followed by spinning for 15 min at 4°C, 12,000×g. Equal volume of 50 mM Tris-HCl (pH 8.0) was added and vortexed for 5 min and centrifuged at same condition. The organic phase was washed twice by the same method. After removing upper aqueous phase, the protein was precipitated by adding 5 volumes of 0.1 M ammonium acetate in methanol and stored at −20°C overnight. The mixture was centrifuged for 15 min at 4°C, 12,000×g, and the protein pellet at the bottom of the tube was further washed with methanol. The extracted proteins were lyophilised and frozen at −80°C for downstream experiments.

Protein digestion
-----------------

The protein samples, 3 mg each, were reduced with 10 mM dithiothreitol at 37°C for 1 hr and alkylated with 20 mM iodoacetamide in the dark at 26°C with constant shaking for 30 min. The proteins were digested with trypsin (1:20 w/w, Promega, Madison, USA) at 37°C for 12 hr and supplemented with the same amount of enzyme 6 hr after the start of digestion. The digestion efficiency was monitored by LC-MS (Thermo Fisher Scientific, Waltham, Massachusetts, USA). The peptides were then desalted using a C18 solid-phase extraction column (Anpel, Shanghai, China), according to the manufacturer's instruction.

Enrichment of Phosphopeptides
-----------------------------

Enrichment of phosphopeptides was performed as previously described \[[@b17-kjp-58-2-161]\]. Briefly, samples were trypsin digested then enriched for phosphopeptides using TiO~2~ beads (GL Sciences, Tokyo, Japan). The enriched phosphopeptides were lyophilized and stored at −80°C until use.

High-pH reverse-phase high-performance liquid chromatography (RP-HPLC)
----------------------------------------------------------------------

The enriched phosphopeptide samples of each stage were mixed, and separated by high-pH RP-HPLC (e2695 Separation Module, Waters, Milford, Massachusetts, USA) by using Durashell-C18 column (5 μm particle size, 100 Å pore size, 4.6 mm×250 mm; Agela, California, USA) with solvent A (5 mM ammonium formate, pH 10.0) and solvent B (ACN with 5 mM ammonium formate, pH 10.0). The liquid phase separation gradient was 5% solvent B for 15 min, followed by 5--50% solvent B for 70 min, with a flow rate of 1 ml/min using a linear gradient. Fractions were collected at 1 min interval, combined into 10 groups, lyophilised and stored at −80°C until use.

Data-dependent acquisition (DDA) spectral library construction and analysis
---------------------------------------------------------------------------

Resuscitation was performed by adding 0.1% formic acid and indexed retention time (iRT) reagent (Biognosys, Zurich, Switzerland) to the lyophilized phosphorylated samples according to the manufacturer instructions. DDA analysis was carried out by ACQUITY UPLC M-Class system (Waters, Milford, USA) and Q Exactive HF mass spectrometer (Thermo Fisher Scientific, Waltham, Massachusetts, USA) Parameters for mass spectrometry identification were set as previously described \[[@b17-kjp-58-2-161]\].

The above 10 groups DDA mass spectrometry identification results were combined for searching by Proteome Discoverer 2.2 (Thermo Fisher Scientific) to construct DDA spectral libraries. The database used for searching came from the *H. longicornis* protein database derived from transcriptome sequences (NCBI GenBank accession number: GHLT00000000). To eliminate contamination, host *Oryctolagus cuniculus* and human protein sequences were used as contaminating databases for proteomic search. Search parameters were as previously described \[[@b17-kjp-58-2-161]\].

Data-independent acquisition (DIA) and data analysis
----------------------------------------------------

Phosphorylation samples were redissolved with 0.1% formic acid and iRT reagent. DIA spectral data were collected for each sample with setting parameters as previously described \[[@b17-kjp-58-2-161]\]. The DIA data were analysed using Spectronaut software (version 11.0, Biognosys, Zurich, Switzerland). The default parameters were set for DIA data analysis.

Bioinformatics analysis on differentially expressed proteins
------------------------------------------------------------

An open source software GProX was used to conduct cluster analysis of the differentially expressed proteins with similar change patterns \[[@b18-kjp-58-2-161]\]. Number of Clusters was set to 4, and a fixed regulation threshold (upper limit of 0.58 and lower limit of −0.58, corresponding to the original ratios of approximately 1.5 and 0.67, respectively) was used. A minimal membership for a plot was set as 0.5. Other parameters were set to default values. Gene ontology (GO) functional enrichment of the differentially expressed proteins was analysed using PANTHER classification system (<http://www.pantherdb.org/>). Pathways associated with the differentially expressed proteins were identified using Kyoto Encyclopedia of Genes and Genomes (KEGG) database (<http://www.kegg.jp/kegg/>).

RNA interference (RNAi)
-----------------------

An RNAi kit (Promega, Madison, USA) was used to synthesise double-stranded RNA (dsRNA) according to the manufacturer's instructions. A Hippo-specific *H. longicornis* nucleotide sequence 1,437--1,666 was selected for dsRNA synthesis. After the target mRNA was cloned and sequenced, the correct target cDNA sequences for RNAi were used for dsRNA synthesis. A primer pair used to synthesise dsRNA included T7 promoter sequence (underlined) as follows: 5′-[TAATACGACTCACTATAGG]{.ul}GTGGGTCACCTTCCTTGC-3′ and 5′-[TAATACGACTCACTATAGG]{.ul}AGATGAACAGCGTGTCCTTG-3′. Green fluorescent protein (GFP, accession number KX247384.1) dsRNA was synthesised as a control \[[@b19-kjp-58-2-161]\]. Non-inoculated ticks were used as control. Forty female *H. longicornis* were injected with 0.5--1 μl (4 μg/μl) of Hippo dsRNA and GFP dsRNA using a Hamilton syringe (33-gauge needle) in the lower right quadrant of the body \[[@b20-kjp-58-2-161]\]. The engorged female ticks injected with Hippo dsRNA and GFP dsRNA, and ticks of other groups were maintained in a constant temperature and humidity incubator at 26°C.

Degree of mRNA knockdown was assayed using qRT-PCR. Total RNA of salivary glands of forty ticks were extracted using TRIzol Reagent (Invitrogen, Carlsbad, USA) \[[@b21-kjp-58-2-161]\]. After treatment with DNase, cDNA was synthesised using a reverse transcription kit (Takara, Osaka, Japan). A primer pair used for qRT-PCR was as follows: 5′-GGCGGATTCAAAGCCAACG-3′ and 5′-CGCCTCCCGAGTTTGGTGT-3′. Gene expression silencing rate was compared between female ticks injected with Hippo-RNA targeting dsRNA and GFP control dsRNA. A fluorescence microscope (DVM6 digital microscope; Leica, Frankfurt, Germany) was used to observe morphological changes in the salivary gland. The changes of spawning amount after RNAi were measured in the ticks.

RESULTS
=======

Phosphopeptides identified
--------------------------

Phosphopeptides were identified as 1,394, 1,394, 1,392, 1,387, and 1,383 in the salivary glands of female ticks at 5 time points (0, 12, 24, 36, and 48 hr) after engorgement. The number of phosphopeptides identified with CV \<20% among 4 replicates for each period was 1,151, 1,183, 968, 1,136, and 1,092, respectively. There were 715 phosphopeptides that occurred in all 5 stages ([Fig. 1](#f1-kjp-58-2-161){ref-type="fig"}), of which 633 phosphopeptides were annotated. The 715 phosphopeptides had 850 phosphorylation modification sites in total, 1 modification site in 558 peptides, 2 sites in 119 peptides and 3 sites in 8 peptides. By residue, 741 modifications occurred on serine residue, 98 on threonine residue, and 11 on tyrosine residue.

Pattern of differentially expressed phosphopeptides were grouped into 4 clusters ([Fig. 2](#f2-kjp-58-2-161){ref-type="fig"}). In Cluster 1 contained 95 phosphopeptides, level of phosphopeptide expression remained unchanged for 12 hr after engorgement, decreased at 24 hr and increased at 48 hr. Cluster 2 contained 163 phosphopeptides, and phosphopeptide level increased for 24 hr after engorgement, remained unchanged to 36 hr, and decreased at 48 hr. In Cluster 3 containeing 172 phosphopeptides, the level decreased for 48 hr after engorgement. In Cluster 4 containing 203 phosphopeptides, the level continuously increased for 48 hr after engorgement.

GO of differential phosphopeptides
----------------------------------

The 633 differentially expressed phosphopeptides were distributed among 400 phosphorylated proteins, there were 8 GO terms enriched in molecular function. The proportion of binding and catalytic activity terms was relatively large (47.5% and 38.0%, respectively). There were 11 GO terms enriched in biological process. The proportion of cellular process and metabolic process terms was relatively large (33.7% and 24.2%, respectively). There were 6 GO terms enriched in cellular component. The proportion of cell and organelle terms was relatively large (45.3% and 36.6%, respectively).

Up-regulated proteins in 12 hr were enriched in 6 molecular function terms, and the proportion of binding term was relatively large (50.0%). There were 11 enriched terms for biological process, and the proportion of cellular process term were relatively large (30.7%). There were 10 enriched terms for cellular component, and the proportions of cell part and cell terms were relatively large (21.8% and 21.8%, respectively). Down-regulated proteins in 12 hr were enriched in 3 molecular function terms, and the proportion of binding term was relatively large (66.7%). There were 8 enriched terms for biological process, and the proportion of cellular process term were relatively large (23.5%). There were 5 enriched terms for cellular component, and the proportions of cell part and cell terms were relatively large (29.4% and 29.4%, respectively).

Up-regulated proteins in 24 hr were enriched in 7 molecular function terms, and the proportion of binding term was relatively large (54.0%) ([Fig. 3A](#f3-kjp-58-2-161){ref-type="fig"}). There were 11 enriched terms for biological process, and the proportion of cellular process term were relatively large (29.4%) ([Fig. 3B](#f3-kjp-58-2-161){ref-type="fig"}). There were 10 enriched terms for cellular component, and the proportions of cell part and cell terms were relatively large (21.8% and 21.8%, respectively) ([Fig. 3C](#f3-kjp-58-2-161){ref-type="fig"}). Down-regulated proteins in 24 hr were enriched in 6 molecular function terms, and the proportion of binding term was relatively large (46.7%) ([Fig. 3D](#f3-kjp-58-2-161){ref-type="fig"}). There were 8 enriched terms for biological process, and the proportion of cellular process term were relatively large (30.6%) ([Fig. 3E](#f3-kjp-58-2-161){ref-type="fig"}). There were 11 enriched terms for cellular component, and the proportions of cell part and cell terms were relatively large (27.8% and 27.8%, respectively) ([Fig. 3F](#f3-kjp-58-2-161){ref-type="fig"}).

Up-regulated proteins in 36 hr were enriched in 7 molecular function terms, and the proportion of binding term was relatively large (50.0%). There were 11 enriched terms for biological process, and the proportion of cellular process term were relatively large (29.6%). There were 10 enriched terms for cellular component, and the proportions of cell part and cell terms were relatively large (22.8% and 22.8%, respectively). Down-regulated proteins in 36 hr were enriched in 6 molecular function terms, and the proportion of binding term was relatively large (60.7%). There were 8 enriched terms for biological process, and the proportion of cellular process term were relatively large (31.4%). There were 11 enriched terms for cellular component, and the proportions of cell part and cell terms were relatively large (25.6% and 25.6%, respectively).

Up-regulated proteins in 48 hr were enriched in 6 molecular function terms, and the proportion of binding term was relatively large (46.6%) ([Fig. 4A](#f4-kjp-58-2-161){ref-type="fig"}). There were 11 enriched terms for biological process, and the proportion of cellular process term were relatively large (30.9%) ([Fig. 4B](#f4-kjp-58-2-161){ref-type="fig"}). There were 10 enriched terms for cellular component, and the proportions of cell part and cell terms were relatively large (22.7% and 22.7%, respectively) ([Fig. 4C](#f4-kjp-58-2-161){ref-type="fig"}). Down-regulated proteins in 48 hr were enriched in 7 molecular function terms, and the proportion of binding term was relatively large (54.2%) ([Fig. 4D](#f4-kjp-58-2-161){ref-type="fig"}). There were 9 enriched terms for biological process, and the proportion of cellular process term were relatively large (30.9%) ([Fig. 4E](#f4-kjp-58-2-161){ref-type="fig"}). There were 11 enriched terms for cellular component, and the proportions of cell part and cell terms were relatively large (22.4% and 22.4%, respectively) ([Fig. 4F](#f4-kjp-58-2-161){ref-type="fig"}).

KEGG signalling pathway of phosphorylated proteins
--------------------------------------------------

The phosphorylated proteins on Cluster 1 were mainly involved in the metabolic pathway. Proteins in Cluster 2 were involved in endocytosis, RNA transport signalling pathways, metabolic pathways, tight junctions, and the Hippo signalling pathway. The proteins in Cluster 3 were mainly involved in the regulation of endocytosis, cAMP signalling, and P14K-AKT signalling. The phosphoryled proteins in Cluster 4 were involved in apoptosis and the Hippo signalling pathway. This finding indicated that some proteins activated the apoptosis pathway and facilitated salivary gland degeneration.

RNAi of the Hippo gene
----------------------

When dsRNA of the Hippo gene was injected into engorged female ticks, the interference efficiency was verified by qRT-PCR. When Hippo mRNA was knocked down, the salivary gland phenotype showed significant changes. Compared with *H. longicornis* in the control group, whose salivary gland completely degenerated 120 hr after engorgement, salivary gland degeneration in ticks with Hippo mRNA knockdown was slower and still not complete at that time point ([Fig. 5A](#f5-kjp-58-2-161){ref-type="fig"}). After Hippo was knocked down, the results indicated that silencing rate of mRNA in the salivary glands of female ticks injected with Hippo dsRNA was 49.3% ([Fig. 5B](#f5-kjp-58-2-161){ref-type="fig"}). In addition, the spawning time of female ticks was significantly shortened, approximately shortened 5.3±1.0 days. The egg production was significantly reduced ([Fig. 5C](#f5-kjp-58-2-161){ref-type="fig"}).

DISCUSSION
==========

During salivary gland degeneration in *H. longicornis*, the expression levels of many proteins changes significantly \[[@b16-kjp-58-2-161]\]. During this process, the post-translational modification of various proteins is also altered. In particular, changes in phosphorylation play an important role in regulating salivary gland degeneration in ticks. Based on the expression level patterns of the phosphopeptides, the proteins corresponding to these phosphopeptides were classified into 4 different Clusters for a more systematic analysis of the causes of changes in phosphorylation, we discussed some of the phosphorylation proteins that have changed ([Table 1](#t1-kjp-58-2-161){ref-type="table"}).

The extent of phosphorylated proteins in Cluster 4 increased during salivary gland degeneration. Some phosphorylated proteins involved in apoptosis were classified into this Cluster, including Hippo and death domain-associated protein (Daxx). Hippo is mainly involved in the Hippo signalling pathway, which is found in *Caenorhabditis elegans* \[[@b22-kjp-58-2-161]\], *Drosophila melanogaster* \[[@b23-kjp-58-2-161]\], and mammals \[[@b24-kjp-58-2-161]\]. In particular, studies of *Drosophila* have found that the main functions of Hippo are the inhibition of cell proliferation and the promotion of apoptosis \[[@b25-kjp-58-2-161]\]. The Hippo signalling pathway is composed of a core kinase cascade. Hippo is a member of the Ste-20 protein kinase family, and once it is phosphorylated, the transcriptional activator Yorkie (Yki) is inactivated through a series of cascade reactions \[[@b26-kjp-58-2-161]\]. Hippo can bind to and phosphorylate the protein Salvador (Sav) \[[@b27-kjp-58-2-161]\]. In this study, the phosphorylation of Hippo increased during salivary gland degeneration in female ticks, which is likely a major cause of salivary gland cell apoptosis. The continued increase in Hippo phosphorylation activated a certain downstream protein, which initiated its pro-apoptotic function, thereby promoting the apoptosis of salivary gland cells \[[@b28-kjp-58-2-161]\]. In the RNAi experiment, the Hippo gene in engorged female ticks was knocked down. The interference results showed that Hippo knockdown could delay salivary gland degeneration, which further confirmed the pro-apoptotic function of Hippo in salivary gland degeneration in ticks.

Daxx is a highly phosphorylated multifunctional protein that can perform different biological functions responding to various stimuli \[[@b29-kjp-58-2-161]\]. Daxx is a key protein in the FasL/Fas-mediated apoptosis pathway. Through phosphorylating Daxx, homeodomain-interacting protein kinases (HIPKs) activate Daxx, which in turn promotes the translocation of Daxx from the nucleus to the cytoplasm \[[@b30-kjp-58-2-161]\]. Once translocated to the cytoplasm, Daxx binds to Fas-associated death domain and then activates and binds to apoptosis signal-regulating kinase 1 (ASK1). This is followed by a further phosphorylation of ASK1 and activation of Jun N-terminal kinase (JNK). JNK directly or indirectly inhibits the expression of growth factors such as Bcl-2, ultimately leading to apoptosis \[[@b31-kjp-58-2-161]\]. Homologous proteins of Daxx are present in *Drosophila* and other arthropods \[[@b32-kjp-58-2-161]\]. However, the presence of Daxx protein and its functions in ticks has not been reported. In this study, the level of Daxx phosphorylation continuously increased during salivary gland degeneration in female ticks. Such a change is suggested as one of the major causes of salivary gland cell apoptosis.

Phosphorylation of the proteins in Cluster 3 decreased during salivary gland degeneration, under phosphorylation, majority of peptides were downregulated, indicating that the degree of phosphorylation of most proteins was decreased following salivary gland degeneration. Cluster 3 included cell division cycle 37 protein (CDC37), Dynamin, engulfment and cell motility 1 (ELMO1) and more. CDC37 has been shown to be an essential protein for regulating protein kinase activity and stability in different stages of the cell cycle \[[@b33-kjp-58-2-161]\]. Casein kinase II (CK2) is activated by phosphorylating CDC37, which in turn promotes the binding of CDC37 and HSP90 and further regulates the functions of aurora kinase B \[[@b33-kjp-58-2-161]\]. Aurora kinase B is a member of the aurora kinase family, which is an important regulator of mitosis, participating in many processes that regulate mitosis \[[@b34-kjp-58-2-161]\]. During salivary gland degeneration in female ticks, apoptosis or autophagy occurs and almost no cells are produced; as the normal replication of cells is no longer necessary, CDC37 is no longer needed and its extent of phosphorylation and vitality is decreased.

Dynamin is a GTPase that participates in many cell activities, including endocytosis, intracellular membrane transport, actin remodelling, and migration \[[@b35-kjp-58-2-161]\]. Dynamin forms a protein complex with tyrosine phosphatase (PTP-PEST), which inhibits phosphatase activity, increases the phosphorylation level and activates dynamin \[[@b36-kjp-58-2-161]\]. Irrespective of rapid or slow endocytosis, the process of vesicles detaching from the plasma membrane requires the scission of dynamin. When vesicles are formed, dynamin forms a spiral aggregate in vesicles and the neck region of the plasma membrane. The aggregation undergoes structural changes during GTP hydrolysis, and the spiral longitudinal stretching eventually breaks the vesicles from the neck region \[[@b37-kjp-58-2-161]\]. Studies have found that the absence of dynamin in *Drosophila* leads to the dysfunction of lysosomes and autophagy \[[@b38-kjp-58-2-161]\]. In the current study, the level of dynamin phosphorylation decreased during salivary gland degeneration in female ticks, indicating that dynamin viability gradually declined.

ELMO1 is a relatively conserved protein that is mainly involved in the migration of phagocytic cells and the phagocytosis of dead cells \[[@b39-kjp-58-2-161]\]. In the chemokine signalling pathway, the protein HCK SH3 in the Src kinase family binded to ELMO1, phosphorylating and activating ELMO1. This allows phagocytic cells to quickly recognise, phagocytose, and digest dead cells \[[@b40-kjp-58-2-161]\]. Homologous proteins of ELMO1 are present in arthropods and participate in the phagocytosis of dead cells and promote cell migration \[[@b41-kjp-58-2-161]\]. A large number of cells die during salivary gland degeneration, and very few new cells are produced during the degeneration process. As replication of the cells is no more necessary, ELMO1 is no longer needed, and its extent of phosphorylation and vitality decreases during salivary gland degeneration in the female ticks.
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![GO analysis of 24 hr differentially expressed phosphorylated proteins during salivary gland degeneration in female *H. longicornis*. The percentages of proteins assigned to the different terms are shown. (A--C) up-regulated phosphorylated proteins. (D--F) down-regulated phosphorylated proteins. (A) molecular function; (B) biological process; (C) cellular component; (D) molecular function; (E) biological process; (F) cellular component.](kjp-58-2-161f3){#f3-kjp-58-2-161}

![GO analysis of 48 hr differentially expressed phosphorylated proteins during salivary gland degeneration in female *H. longicornis*. The percentages of proteins assigned to the different terms are shown. (A--C) Up-regulated phosphorylated proteins. (D--F) Down-regulated phosphorylated proteins. (A) molecular function; (B) biological process; (C) cellular component; (D) molecular function; (E) biological process; (F) cellular component.](kjp-58-2-161f4){#f4-kjp-58-2-161}

![(A) Phenotypic change of salivary glands after RNAi targeting Hippo mRNA in the engorged females. Upper raw (a--e), Hippo dsRNA injected; middle raw (f--i), Normal control; lower raw (j--m): GFP dsRNA injected. (B) Silencing of gene expression. (C) Inhibition of spawning amount by *H. longicornis* females after RNAi. RH: RNAi Hippo.](kjp-58-2-161f5){#f5-kjp-58-2-161}

###### 

Proteins differentially phosphorylated and involved in Hippo, Apoptosis, RNA transport, cAMP and other important pathways during salivary glands degradation in female *Haemophisalis longicormins*

  ----------------------------------------------------------------------------------------------------------------------------------------------------------
  Protein name   GI number    Description                              Phosphopeptide and site                 KEGG pathway
  -------------- ------------ ---------------------------------------- --------------------------------------- ---------------------------------------------
  Hippo ↑        241701230    Serine/threonine protein kinase          RGS\[+80\]TGEAFLDDDEVDAGTMVK            Hippo signaling pathway

  Daxx ↑         1316145131   Death domain-associated protein          EQAIVIS\[+80\]DDEGPEER                  Apoptosis signalling pathway

  CDC37 ↓        241747021    Cell division cycle protein 37           TIEVSDDEDET\[+80\]HPNIDTPSLFR\          P13K-AKT signalling pathway
                                                                       TIEVS\[+80\]DDEDETHPNIDTPSLFR           

  ELMO1 ↓        241722888    Engulfment and cell motility protein 1   LLDTEGVDIPES\[+80\]PPPIPK               Chemokine signaling pathway

  Dynamin ↓      242000334    Dynamin                                  MQPPDSPRPAPPS\[+80\]PGGPR\              Phospholipase D signaling pathway
                                                                       MQPPDS\[+80\]PRPAPPS\[+80\]PGGPR        

  HSP40 ↑        241844830    Heat shock protein                       DVS\[+80\]LDGMDADPFFAR                  Protein processing in endoplasmic reticulum

  PIK3C2A ↑      241738280    Phosphatidylinositol 3-kinase class      S\[+80\]KSPVVDKPASTTNSQVR               Phosphatidylinositol signaling system

  PAIP1 ↑        241779579    Polyadenylate-binding protein            TSS\[+80\]HSSSPSAGPAEDSLPILCGPDGVPISR   RNA transport signaling pathway

  SNX32 ↓        241742597    Sorting nexin                            S\[+80\]NPEPNPPK                        Endocytosis signaling pathway

  PDE10A ↓       241601372    Cyclic nucleotide phosphodiesterase      SLCHTNS\[+80\]LTTLPK                    cAMP signaling pathway
  ----------------------------------------------------------------------------------------------------------------------------------------------------------

↑, up-regulated phosphopeptide; ↓, down-regulated phosphopeptide; +80, phosphorylation site.

[^1]: These authors contributed equally to this work.
